MicroRNAs (miRNAs) are a class of negative regulators of gene expression and play critical roles in various biological processes. Conventional approaches for detecting miRNAs, such as northern blotting, microarray, and real-time PCR, usually require the lysis of cell samples and could not provide the in vivo information about miRNAs in living organisms. Here, we designed a tyrosinase (TYR)-based reporter to monitor miR-9 expression that is regulated by DNA methylation in living cells and animals. During DNA methylation of A549 cells treated by 5-aza-2 0 -deoxycytidine (5-Aza-dC), the CMV/TYR3xTS reporter-transfected cells demonstrated a gradual decrease in melanin content, TYR activity, and photoacoustic signal because of the gradual activation of miR-9 expression. The miR-9-regulated repression of TYR activity also resulted in a significant decrease in photoacoustic signal from the flank of mice with 5-Aza-dC treatment, whereas the bioluminescence signal from internal control had no obvious change. The TYRbased miRNA reporter may serve as a new imaging probe for monitoring the dynamic expression of miRNAs during various cellular or disease progression in cells and living animals.
INTRODUCTION
MicroRNAs (miRNAs) are a class of small noncoding RNAs of approximately 22 nucleotides that regulate gene expression at the post-transcriptional level. 1 Through perfectly or imperfectly basepairing with the 3 0 UTR of their target mRNA sequences, miRNAs resulted in the mRNA degradation or translation inhibition in a wide variety of biological processes including cellular proliferation, metabolism, and carcinogenesis.
2 miRNAs are frequently dysregulated in various cancers. Several overexpressed miRNAs function as oncogenes, whereas some downregulated miRNAs function as tumor suppressor genes. 3, 4 Among the several miRNAs, miR-9 is initially found to be specially expressed in neurogenesis 5 and also shows tumor suppressor activity in cancer cells. 6, 7 Moreover, miR-9 methylation has been observed in 65% of primary non-small-cell lung cancer (NSCLC) patients and may serve as a prognostic parameter in patients. 8 DNA methylation refers to the covalent addition of a methyl group to the 5 0 carbon of cytosines within cytosine-guanine dinucleotides and is identified as a mechanism leading to downregulation of miRNA genes in cancer cells. 9 Methylation could be reversible by demethylating drugs, such as DNA methyltransferase inhibitor 5-aza-2 0 -deoxycytidine (5-Aza-dC), which is able to cause gene reexpression. 10 A comprehensive of miRNAs have been found to be regulated by DNA methylation after 5-Aza-dC treatment in cancers.
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Given the important role of miRNAs in diverse biological processes, lots of approaches have been developed to detect the expression of miRNAs, such as northern blotting, real-time PCR, and microarray assays. However, these conventional methods usually require the lysis or fixation of cells and could not reflect miRNA activity in living organisms. Molecular imaging has emerged as a noninvasive technique and has been widely applied to monitor miRNA expression in living subjects by the employment of fluorescence protein, luciferase, or molecular beacon (MB). 12 One of the molecular imaging approaches is to utilize reporter genes by transfecting them into cells and tracking the signal of grafted cells in living animals. Based on the theory of miRNA hybridization with its target mRNA, our group previously developed a dual modality reporter gene system to visualize miR-16 expression, which was stimulated by chemoresistance drugs in gastric cancer cells and xenografted mice. 13 In this dual reporter gene system, a radioisotope reporter, human sodium iodide symporter (hNIS), and a bioluminescent reporter, firefly luciferase (Fluc), were ligated to generate a fused protein hNIS/Fluc, which can be used for 99 m Tc-pertechnetate radionuclide imaging and bioluminescence imaging (BLI). Although this dual reporter gene successfully provided the in vivo imaging information about miRNA function with high sensitivity, it still suffered from some limitations, such as relatively large molecular size to be transfected or transduced into cells, and different substrates for each imaging modality.
Therefore, there have been urgent needs to develop alternative reporter genes to monitor the dynamic expression of miRNAs.
In the present study, we designed a tyrosinase (TYR)-based miRNA reporter gene to detect miR-9 involved in the regulation of DNA methylation in live cells and animals. TYR is the primary enzyme responsible for the production of melanin, which can provide strong absorption contrast for photoacoustic imaging (PAI) even in non-melanogenic cells. 14 We demonstrated the feasibility of this TYR reporter for visualizing miR-9 activity, which could be reflected by the melanin content, TYR enzyme activity, and PAI signal both in vitro and in vivo.
RESULTS

Design of a TYR Reporter-Based miRNA Imaging System
To noninvasively monitor miR-9 expression in living cells and animals, we constructed a TYR-based reporter gene system, which was under the regulation of a cytomegalovirus (CMV) promoter. Three copies of perfectly complementary target sequences (3xTS) against miR-9 were inserted into the 3 0 UTR of the TYR vector to generate the CMV/TYR-3xTS reporter (Figure 1 ). Meanwhile, a CMV/TYR reporter that contains no 3xTS was also constructed as a control. When the CMV/TYR-3xTS reporter is introduced into cells by gene transfer, the expressed TYR will catalyze the process in melanin synthesis. The resulted gene product, melanin, can be served as a target for PAI. In the absence of miR-9, the TYR activity in cells is normally expressed because of no function of miR-9. In contrast, when endogenous or exogenous miR-9 is expressed in cells, miR-9 would bind to the 3xTS region of the CMV/TYR-3xTS reporter gene, resulting in the repression of TYR activity and melanin production, and thus the reduction of photoacoustic signals, which could be detected by a PAI system.
Characterization of TYR-Based Reporter Gene System
To characterize the TYR-based reporter gene system, we transfected non-melanocytic HEK293 cells, where miR-9 expression is relatively low, with the CMV/TYR or co-transfected them with CMV/TYR3xTS and miR-9 or negative control (NC) RNA. The pellets of transfected cells were then harvested to observe their color and melanin content. As shown in Figure 2A (upper row), the CMV/TYR transfected or CMV/TYR-3xTS and NC co-transfected cells exhibited dark colors, whereas CMV/TYR-3xTS and miR-9 co-transfected cells or 293 mock-transfected cells showed light colors, indicating that exogenous miR-9 bound to the 3xTS region of CMV/TYR-3xTS and repressed the expression of TYR gene. Moreover, pretreatment of the CMV/TYR-or CMV/TYR-3xTS-transfected cells with L-tyrosine (2 mM) for 24 hr significantly strengthened their color but had no obvious change in 293 mock-transfected cells, attributing to the oxidation of tyrosine by TYR to synthesize melanin in TYR-expressing cells ( Figure 2A , lower row).
Consistent with the visual observation, quantification analysis of melanin content from these cells at 405-nm absorbance demonstrated that the melanin production was also increased in cells treated with L-tyrosine, with an exception of 293 mock-transfected cells ( Figure 2B ). The TYR activities in those transfected cells were also assessed by incubating the cell lysates with 1 mg/mL L-DOPA for different time points. It was shown that TYR activities, which were reflected by the amounts of dopachrome produced, in CMV/TYR-transfected or CMV/TYR3xTS and NC co-transfected cells were increased over time and significantly higher than that of 293 mock-transfected or CMV/TYR-3xTS and miR-9 co-transfected cells ( Figure 2C ). These results demonstrated the successful construction of CMV/TYR-3xTS reporter gene as an miRNA imaging system in response to miR-9 function.
Specificity of TYR-Based Reporter Gene for Imaging of miR-9
To investigate the specificity of the TYR-based reporter gene, we transfected different amounts (0, 1, 2, 4 mg) of CMV/TYR or CMV/ TYR-3xTS plasmids into 293 cells. The cell pellets were then collected to examine their color and melanin content. The gradual increased introduction of plasmids into cells resulted in a significantly gradual Figure 1 . Schematic of the TYR-Based Reporter Gene System CMV/TYR-3xTS reporter is regulated by CMV promoter and carries three copies of the target sequence complementary to miRNA-9 in its 3 0 UTR. The CMV/TYR-3xTS
reporter gene is introduced into cells through gene transfer. After transcription and translation of the reporter, gene expression product tyrosinase catalyzes the oxidation of tyrosine and Dopa to synthesize melanin. Melanin then serves as a functional target for photoacoustic imaging (PAI). In the absence of miRNA in cells, the CMV/ TYR-3xTS reporter gene is expressed normally. In contrast, when the miRNA is present in cells, the expression of reporter will be inhibited because of the interaction with miRNA, leading to the decreasing melanin content and finally reductive PAI signal.
www.moleculartherapy.org increase in dark colors ( Figure 3A ) and melanin production (Figure 3B ) in both CMV/TYR-and CMV/TYR-3xTS-transfected groups. Moreover, the TYR activities in both groups were also increased in a dose-dependent manner by measuring the absorbance of dopachrome at 475 nm ( Figure 3C ). We then detected the photoacoustic signal from the bottom of tubes containing cell samples. Quantitative analysis demonstrated that photoacoustic signal was increased according to the increased amounts of CMV/TYR-3xTS plasmids ( Figure 3D ). The gradual increase in melanin content and TYR activities, as well as photoacoustic signal, is mainly due to the increased gene expression of TYR, which is regulated by the CMV promoter and barely inhibited by miR-9 in 293 cells.
In contrast, with introduction of increased concentrations of exogenous miR-9 (0, 5, 10, 20, 40 nM) and a fixed amount (4 mg) of CMV/TYR-3xTS plasmids in 293 cells, the cell colors were getting lighter gradually ( Figure 4A ). Besides, a significantly gradual decrease was also observed in the melanin content ( Figure 4B ), TYR activity ( Figure 4C ), and photoacoustic intensity ( Figure 4D ), indicating that the hybridization of exogenous miR-9 with the 3xTS region in the CMV/TYR-3xTS reporter resulted in the destabilization of TYR mRNA, and thus the repressed activity of TYR.
Monitor Endogenous miR-9 during DNA Methylation Regulation
To visualize the expression of endogenous miR-9 during DNA methylation regulation in cancers using the TYR-based reporter, we transfected A549 NSCLC cells with the CMV/ TYR-3xTS and further treated them with different concentrations (0, 0.5, 1, 2 mM) of a DNA methyltransferase inhibitor 5-Aza-dC for 72 hr. The digital photos showed that the cell colors were getting lighter gradually according to increased dose of 5-Aza-dC ( Figure 5A ). Moreover, the melanin content ( Figure 5B ), TYR activity ( Figure 5C ), and photoacoustic signal ( Figure 5D ) were also gradually decreased in a dose-dependent manner after 5-Aza-dC treatment. The decrease was probably attributed to the fact that 5-Aza-dC activated the expression of endogenous miR-9, which resulted in the inhibition of TYR activity gradually. To confirm our speculation, we performed real-time PCR assay to determine the expression level of miR-9 in cells treated by 5-Aza-dC. As expected, the miR-9 was found to be upregulated gradually with the increased dose of 5-Aza-dC ( Figure 5E ).
In Vivo Imaging of miR-9 Using the TYR-Based Reporter
To monitor miR-9 expression during epigenetic gene regulation using the TYR-based reporter system in vivo, we co-transfected the CMV/ TYR-3xTS reporter into 5 Â 10 6 A549 cells with a Fluc plasmid pGL3-control, which was used as an internal control. Then the cell-incorporated Matrigels were subcutaneously implanted into both flanks of a nude mouse. Only the A549 cells grafted into the right flank received 5-Aza-dC treatment. The photoacoustic images from the mouse bearing the A549 cells were acquired after treatment for 3 days. As shown in Figure 6A , the photoacoustic signal from the right flank of mice treated with 5-Aza-dC was significantly decreased comparing with that from the left flank. Quantification analysis of region of interest (ROI) demonstrated that the fold change of photoacoustic intensity from the right flank was 1.54-fold lower than that from the left flank ( Figure 6B ).
In contrast, the bioluminescence signals from the internal control of pGL3-control, which constantly expresses the luciferase regardless of the presence of miR-9 during 5-Aza-dC treatment, have no obvious change between the left flank and right flank, indicating that equal numbers of cells were implanted and survived in both flanks for 3 days (Figures 6C and 6D ). To confirm that the reduced photoacoustic signal was due to the activation of miR-9 in vivo, we isolated the cell-incorporated Matrigels from both flanks of mice and subjected them to real-time PCR analysis of miR-9 expression ( Figure 6E ). The results demonstrated that the expression level of miR-9 in the right flank was about 3.2-fold higher than that in the left flank of mice, indicating that miR-9 was really activated after 5-Aza-dC treatment, which in turn led to the decrease in photoacoustic signal.
DISCUSSION
In this study, we have successfully developed a TYR-based reporter gene for visualizing miR-9 expression during the DNA methylation regulation in vitro and in vivo. To our best knowledge, this is the first study to employ the TYR reporter gene for noninvasive PAI of miRNA expression in living organisms. Owing to the increasing role of miRNAs in the regulation of various biological processes including cell proliferation, differentiation, and tumorigenesis, the TYR-based miRNA reporter gene will be a useful tool for monitoring the localization and expression of miRNAs in diverse physiology conditions in a noninvasive manner.
Currently, there are various bioluminescence and fluorescence probes, such as luciferase gene or MBs, to detect miRNA biogenesis and function during neurogenesis and myogenesis. [16] [17] [18] Although these optical probes provide a superior method for imaging miRNA expression, they are limited in the depth imaging with great sensitivity. Moreover, MB usually suffers from high autofluorescence back- ground because of external light sources. Compared with the existing optical imaging modalities, PAI enables production of in vivo 3D images with higher spatial resolution (up to 500 mm at tissue penetration depth of about 5 cm). 19, 20 The underlying mechanism is involved in the transformation from the absorption of light in samples to the ultrasound. Due to the unique property of melanin as an excellent endogenous PAI contrast agent, 21, 22 TYR, the modulator of melanin synthesis, has been recently developed as a reporter gene for PAI in cells and xenograft tumors. 14, 23 Moreover, by chelating melanin with metal ions (e.g., Fe 3+ ) or introducing the melanin avid probe (e.g.,
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F-P3BZA), TYR has been utilized as a dual or multifunctional reporter gene for magnetic resonance imaging (MRI), positron emission tomography (PET), and PAI in vitro and in vivo. [24] [25] [26] However, in the aforementioned studies, TYR was only validated as a reporter gene for PAI single-modality imaging or PAI/MRI/PET multimodality imaging; the potential application of TYR in visualizing gene expression was not fully investigated.
We designed a TYR-based miRNA reporter by inserting three complementary sequences against miR-9 into the 3 0 UTR of TYR gene. Our TYR reporter could provide in vivo information about miRNA function under various regulations and repeat on the same subjects noninvasively. In A549 cells treated with 5-Aza-dC, the TYR activity from the CMV/TYR-3xTS reporter was obviously inhibited by the increased dose of functional miR-9, which targets the complementary sequences in the 3 0 UTR of the CMV/TYR-3xTS gene. The miR-9-regulated repression of TYR activity also resulted in a clear decrease in melanin content and photoacoustic signal in vitro and in vivo. Additionally, the gradual decrease was also observed in the CMV/TYR-3xTS-transfected cells after 5-Aza-dC treatment. The result implies that the expression of miR-9 was activated by 5-Aza-dC, and thus inhibited the TYR activity and photoacoustic signal through hybridizing with its target sequence. The real-time PCR analysis confirmed this speculation. These results in the study demonstrated that the TYR-based reporter could be used to monitor miR-9 expression during DNA methylation regulation and noninvasively detect other miRNA expression and biological processes in the future.
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In conclusion, the TYR-based reporter gene was successfully developed to visualize miR-9 activity regulated by DNA methylation in living cells and animals. During DNA methylation of A549 cells treated by 5-Aza-dC, the CMV/TYR-3xTS reporter demonstrated a gradual decrease in melanin content, TYR activity, and photoacoustic signal caused by the gradual activation of miR-9 expression. The TYRbased reporter could be used as a new miRNA imaging system for monitoring the dynamic expression pattern of miRNAs involved in various cellular processes and disease progression in living organisms.
MATERIALS AND METHODS
Construction of TYR and TYR-3xTS Reporters
cDNA encoding human TYR (NM_000372) in the GV140 vector was purchased from Shanghai GeneChem Technologies (Shanghai, China). TYR DNA was amplified by PCR, and the resulting TYR cDNA was inserted into the NheI and BamHI multiple cloning sites of the pcDNA 3.1 (+) vector (Invitrogen, Carlsbad, CA, USA) to get the pcDNA3.1-TYR reporter. To get the pcDNA3.1-TYR-3xTS reporter, we synthesized an oligonucleotide containing 3xTS against miR-9 (Shanghai Generay Biotech) and inserted it into the EcoRI and XhoI sites of the pcDNA3.1-TYR vector. Finally, the recombinant plasmids pcDNA3.1-TYR and pcDNA3.1-TYR-3xTS were confirmed by DNA sequencing. The sequence of the 3xTS was listed as follows: 5 0 -TCA TAC AGC TAG ATA ACC AAA GAT AGT ATC ATA CAG CTA GAT AAC CAA AGA TAG TAT CAT ACA GCT AGA TAA CCA AAG A-3 0 .
Cell Culture and Transfection
The human embryonic kidney cell line HEK293 and NSCLC cell line A549 were obtained from the Cell Bank of the Chinese Academy of Sciences (Beijing, China). Cells were cultured in DMEM (GIBCO, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (GIBCO) and 100 U/mL penicillin/streptomycin (GIBCO) at 37 C under 5% CO 2 humidified incubator. For the transfection, 293 or A549 cells were seeded in a 24-well plate and cultured overnight. The next day, cells were transfected with plasmid pcDNA3.1-TYR, pcDNA3.1-TYR-3xTS, or miRNA oligos using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). 
Real-Time PCR
Total RNAs were isolated from A549 cells that were treated with different concentrations of 5-Aza-dC using TRIzol reagent (Invitrogen). The cDNA synthesis was performed using the One Step PrimeScript miRNA cDNA Synthesis Kit (TaKaRa, Japan) according to the manufacturer's protocols. Then the real-time PCR was carried out in triplicate using the SYBR Premix Ex TaqII (TaKaRa, Japan) in the ABI 7700 PCR system (Applied Biosystems, USA). The U6 small nuclear RNA (snRNA) was used as the internal control to normalize the miR-9 expression level. The primer sequences for miRNA-9 and U6 snRNA are as follows: miRNA-9 forward: 5 0 -TCT TTG GTT ATC TAG CTG TAT GA-3 0 ; U6 forward: 5 0 -CAG GGG CCA TGC TAA ATC TTC-3 0 ; U6 reverse: 5 0 -CTT CGG CAG CAC ATA TAC TAA AAT-3 0 . The reverse primer for miRNA-9 is the universal primer in the kit (Uni-miR qPCR primer).
Cellular Melanin Content Measurement
The cells were pretreated with 2 mM L-tyrosine for 24 hr, then harvested by centrifuge and washed three times with PBS. Then the cell pellets were sonicated and lysed with 100 mL of NaOH (1 M) at room temperature. The cell extracts were then transferred into 96-well plates, and the melanin content of each sample was determined by measuring their absorbance at 405 nm using a multimode plate reader (Synergy 2; BioTek, Winooski, VT, USA).
Cellular TYR Activity Measurement
Cells in a 96-well plate were washed three times with PBS and lysed with 50 mL of NaOH (1 M). Then 50 mL of 2 mg/mL L-DOPA was added to each well. The final mixture was incubated at 37 C for 15 min. The absorbance of the reaction mixtures was measured using a multi-mode plate reader (Synergy 2; BioTek, Winooski, VT, USA) at 475 nm.
In Vitro Cellular PAI and Image Analysis
The in vitro PAI assays were performed using a multispectral photoacoustic tomography system (MSOT) with MSOT inVision 128 system (iThera Medical, Munich, Germany) as described previously with some modifications. 15 This system provides two imaging approaches. One approach employs a simple handheld PAI probe, whereas the other employs a commercial phantom. We employed the handheld imaging probe approach in this study. In brief, the cells were transfected with plasmid or RNA and were harvested in PCR tubes. Then a handheld PAI probe was used to acquire photoacoustic signal at the bottom of the PCR tubes. The photoacoustic signal was acquired by the MSOT.
In Vivo PAI and BLI of Mice All animal studies were carried out according to the Guide for the Care and Use of Laboratory Animals approved by Xidian University. Female athymic nude mice (4-6 weeks, n = 3) were obtained from the animal center of Xi'an Jiaotong University. The A549 cells were co-transfected with CMV/TYR-3xTS and pGL3-control (Promega) luciferase plasmids. At 24 hr after transfection, the cells were harvested in 100 mL of PBS. Then the cells (5 Â 10 6 cells) were resuspended in 5-Aza-dC (2 mg/kg) and 100 mL of Matrigel, and then implanted into both flanks of mice. The cells implanted in the left flank, as a control, received no 5-Aza-dC treatment. The cells implanted in the right flank of mice were treated with 5-Aza-dC (2 mg/kg). After 72 hr of implantation, for in vivo imaging, mice were anesthetized with 2% isoflurane in oxygen and placed with lateral position. PAI was carried out using the same MSOT as the in vitro study. BLI was performed using an IVIS spectrum (Xenogen, Alameda, CA, USA) after intraperitoneal injection of D-luciferin (150 mg/kg) into mice. Image analysis was performed on the ROI using ImageJ software for quantification analysis of the www.moleculartherapy.org Molecular Therapy: Nucleic Acids Vol. 11 June 2018PAI signal intensity or Living Imaging Software 4.1 for analysis of BLI signal intensity.
Statistics Analysis
All data are presented as the mean ± SD. Statistical analysis was performed using the Student's t test. A 95% confidence level was considered as the significance of differences between groups, with p < 0.05 indicating statistical significance. 
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